ABSTRACT. Two floating tree-ring chronologies were developed from oak timbers recovered during salvage excavations of a pre-Roman wharf in Este, a prominent center of the Veneti people, who lived in northeastern Italy during the Iron Age.
INTRODUCTION
In the course of archaeological excavations conducted in 2004 in the town center of Este, one of the capitals of the ancient Veneti peoples, in advance of the replacement of the sewerage network, an area of structures was discovered with remains of an ancient road and a timber dock (Ruta Serafini and Salerno 2006) . The dock consisted of a series of imposing lines of posts, with large timbers in a reasonable state of preservation (Figures 1-2 ). The waterfront was attributed to the Iron Age and its first phase assigned to no later than the 5th century BC, on the basis of pottery sherds from the lowest layer of the adjacent road, parallel to the waterfront.
Dendrochronological analyses, carried out on 23 samples, produced two site chronologies, both for oak (Quercus sp. Sec. robur), which provide important starting points for the absolute dating of other Iron Age wooden structures in this region. The first site chronology, 910q, which spans 207 yr, is composed of four timbers from structures US 48 and US 51 (Figure 3a ). The second, 911q, is derived from four elements of structures US 51A and US 51B, and spans 94 yr (Figure 3b ).
The two chronologies do not cross-match each other, or against absolutely dated reference chronologies or undated site mean curves. There are oak local chronologies in this part of Italy from earlier and later periods, i.e. for the final part of Late Bronze Age (Bianchin Citton and Martinelli 2005) and for the early Roman period (N Martinelli, unpublished data), but the Este dock is the first Iron Age site in this region from which a dendrochronological sequence suitable for dating has been obtained.
The floating chronologies were expected to fall on the Hallstatt calibration plateau in the 1st millennium cal BC. In 2011, 14 C samples were taken at the beginning and end of each chronology, in the hope that one of the samples might fall on a steep section of the calibration curve, either before 750 cal BC or after 400 cal BC, and thus give a relatively precise absolute date range for that chronology.
RADIOCARBON DATING
After careful inspection under a microscope and manual removal of any visible contaminants, such as rootlets, the samples were pretreated by acid-alkali-acid (AAA) cleaning with diluted HCl and
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NaOH, to remove soil carbonates and humic acids, and combusted to CO 2 following methods described by Grootes et al. (2004) . Following Nadeau et al. (1998) , the CO 2 was converted to graphite targets, which were measured by accelerator mass spectrometry (AMS) at the Leibniz-Labor, Kiel. The measured 14 C concentrations were corrected for isotopic fractionation using δ
13
C values measured simultaneously in the AMS system, and converted to conventional 14 C ages (Stuiver and Polach 1977;  Table 1 ). Because two of the results were unexpectedly early, and one was unexpectedly recent, a second set of samples of exactly the same tree rings was prepared and measured in 2013, following the same protocols as in 2011. With one exception (see below), the 2013 results are statistically consistent with those obtained in 2011 (Table 1) , and the weighted mean of each pair of results is therefore regarded as the best estimate of each sample's 14 C age (Ward and Wilson 1978) . Their calibration (Table 1) provides an independent estimate of the calendar date of each sample. (Stuiver and Reimer 1993) and the IntCal13 calibration curve (Reimer et al. 2013) , without taking into account the known calendar-age differences between samples. Sample reference
Material dated
Lab nr 14 C result by the probability method (Stuiver and Reimer 1993) , using the IntCal13 calibration curve (Reimer et al. 2013) . The solid distribution represents the probable date of each sample, given that the midpoint of ESTE 1 is known to be 201.5 yr older than the midpoint of ESTE 2 (note that the solid distribution exactly overlies the outline distribution for ESTE 2). This wiggle-match has good overall agreement (A comb = 140.8, A n = 50.0; Bronk Ramsey et al. 2001 C ages, which each fit poorly (A < 60) when wiggle-matched against either of the 14 C ages for ESTE 2, or their weighted mean. The ESTE 2 sample falls on a particularly steep section of the calibration curve, and its two 14 C ages are extremely similar, so our estimated date of the final ring of chronology 910q is barely affected by the ESTE 1 results. The model shown in Figure 4a estimates that year 207 of chronology 910q dates to within the range 825-795 cal BC (95% probability).
The 911q weighted mean 14 C ages fit the IntCal13 calibration curve (Reimer et al. 2013 ) quite poorly at the best wiggle-matching position (Figure 4b ) (A comb = 14.9, A n = 50.0). Calibration with the IntCal98 calibration curve (Stuiver et al. 1998) C ages for ESTE 3 are practically identical. Notwithstanding the poor overall fit, the model shown in Figure 4b estimates that year 94 of chronology 911q dates to within the ranges 640-595 cal BC (85% probability) or 570-555 cal BC (10% probability). 14 C result by the probability method (Stuiver and Reimer 1993) , using the IntCal13 calibration curve (Reimer et al. 2013) . The solid distribution represents the probable date of each sample, given that ESTE 3 is 87 yr older than ESTE 4. This wiggle-match has poor overall agreement (A comb = 14.9, A n = 50.0; Bronk Ramsey et al. 2001 Corona (1974) , at least 11 sapwood rings must be added to the terminus ante quem non given by the final year of floating chronology 910q. These structures therefore could date to the first half of the 8th century cal BC. A possible heartwood-sapwood transition on timber 51A/10 puts the felling date of this timber between 10 and 20 yr after the final year of chronology 911q, dating the felling of post US 51A/10 and the construction of the parallel lines of posts closer to the river channel to the late 7th/early 6th century cal BC.
Our results suggest that the dock, piling, and caissons had a long history. The older chronology is particularly important, as it confirms that the foundation of the Venetic center of Este had occurred by the end of the 9th or the early 8th century cal BC, in a period which is currently known primarily from burials rather than settlement archaeology (Tosi 1992; Ruta Serafini 2002) . Este already had developed a waterfront and traces of a road at this date. The more recent chronology demonstrates the continued use of a previously unknown waterfront well into the Iron Age, a period for which there is abundant evidence that Este was an urban center. Moreover, the result suggests that the road surfacing was probably associated with this more recent waterfront.
The importance of the two site chronologies, as reference chronologies for the absolute dating of other early-middle Iron Age contexts in northeast Italy, must be emphasized. The tree-ring chronologies begin at the turn of the 1st millennium. Wiggle-matching proves that they do not overlap in time but are separated by a brief interval, which may be bridged if additional structures are discovered. Both chronologies fall into a gap for which there are currently (almost certainly) no other floating tree-ring chronologies in this region, for any species. Moreover, 911q dates to the first half of the so-called Hallstatt calibration plateau, where 14 C dates from short-lived samples are of limited use. The results therefore highlight the site's importance in refining the chronology of the Iron Age, particularly as oak was the main source of construction timber in northern Italy until the Roman period.
The discrepancy between the 2011 and 2013
14
C ages for ESTE 1 can only be due to chance variation, as, given the 14 C age of ESTE 2, the true
C age of this sample must be ~2850 BP, within the 2σ range of each of the individual measurements (Table 1; Figure 4a ). It is the similarity of the 2011 and 2013
14 C ages for ESTE 3 that is puzzling; they suggest that the true 14 C age of this sample is really ~2400 BP, well below the calibration curve in the period before 500 cal BC (Figure 4b ). If ESTE 3 really dates to after 500 cal BC, however, the 14 C ages for ESTE 4 are much too high, as this sample should be 87 yr later than ESTE 3.
One explanation for this situation could be a spurious dendrochronological cross-match, as the two samples were from different timbers. The cross-matching between timbers in chronology 911q is convincing, both statistically and visually, but it is conceivable that the two dated timbers are not contemporaneous (e.g. due to reuse or replacement). It is highly improbable that such similar growth patterns over the course of an apparent overlap of more than 50 yr ( Figure 5 ) would appear in two timbers that were not contemporaneous, but it is not impossible. If the cross-matching between timbers is disregarded, however, post US 51B/27 was probably not felled before the 4th century cal BC, as the timber included 67 heartwood rings, with no evidence of the heartwood-sapwood transition, after its earliest surviving growth rings, which were dated by ESTE 3 (Table 1 ). This would mean that this timber was felled more than a century after post US 51A/10, dated by ESTE 4 (Table 1) , and ~400 yr after the timbers in chronology 910q. Given the excavators' interpretation that the timber alignments were functionally associated with each other, these intervals appear excessive.
A second possibility is that the atmospheric 14 C level was more variable than indicated by existing calibration curves. The 14 C age of ESTE 3 is almost compatible with some of the raw data in IntCal13, which represent the average 14 C ages of blocks containing 10 or 20 annual rings ( Figure 6 ). As only two or three contiguous annual rings in the middle of ESTE 3 were actually dated, a brief spike in atmospheric 14 C could be visible in this sample and not in the IntCal raw data. Such an explanation implies that elsewhere in the Northern Hemisphere, short-lived samples of the same date as ESTE 3 would also give anomalously low 14 C ages, but it is rare that short-lived wiggle-matched samples are measured. One exception is a wiggle-match of five 2-3 tree-ring samples in a floating chronology from Arzhan, Tuva region, Russia (Heußner and Sljusarenko 2010) , which spans the same period as the Este floating chronologies, and which includes a 14 C age similar to that of ESTE 3 from a sample that must date to ~700 cal BC. The sample appears to be an outlier when the wiggle-match is fitted to IntCal13 and IntCal98.
Ozaki et al. (2007) measured

14
C ages in homogenized 5-yr blocks of dendrochronologically dated Japanese cypress (Chamaecyparis obtuse) spanning the years 820-450 cal BC, to investigate the possibility of a regional offset between Japanese trees and the consensus international calibration data for the Northern Hemisphere, which are based on trees growing at similar latitudes in Europe and North America; no such offset was found. If the Ozaki et al. data are used as a calibration curve, our 14 C ages for ESTE 3 no longer appear anomalous, yet the best wiggle-match position is almost identical to that given by IntCal13 (Figure 7) . The Japanese data also provide a much better fit for the Arzhan wiggle-match, without significantly altering its estimated date.
The Este results suggest that some Japanese calibration data may be applicable in Europe. Ozaki et al. (2007) reported an insignificant offset (3.5 ± 3.6 14 C yr) between dendrodated Japanese wood and IntCal in the period 820-436 BC. By contrast, Suzuki et al. (2010) , who measured 165 wiggle-match-dated single-year samples spread over a similar period, argued that an influx of Southern Hemisphere air during the East Asian monsoon was responsible for a 16.4 ± 3.3 14 C yr offset between their results and IntCal data. This explanation should also apply to the Ozaki et al. data, however. Recent papers by Tani et al. (2013) and Nakamura et al. (2013) show that the issue has not been resolved, but even if there were a systematic offset between Europe and Japan, significant 14 C production events should appear at the same calendar dates (Miyake et al. 2012; Usoskin et al. 2013) .
It therefore appears that the poor fit between the 911q 14 C ages and IntCal98/IntCal13 is more likely to be due to the use of short-lived (2-3 tree ring) samples than to a spurious dendrochronological cross-match. The statistical smoothing inherent in the random walk model used to construct calibra- Figure 5 Cross-matching positions of ring-width sequences for US 51B/27 (top) and US 51A/10 (below), the two dated components of 911q. The satisfactory visual cross-match is confirmed by the following statistical parameters, calculated using the TSAP ® software (Rinntech 2003) : CDI = 28, TVBP = 5.3, TVH = 2.8, GL% = 76, probability 99.9. Este: Dating the Iron Age Waterfront Figure 6 Raw data included in IntCal13 (Reimer et al. 2013 ; http://www.radiocarbon.org/IntCal13.htm). Horizontal axis: calendar date (negative values mean cal BC); x error bars on points correspond to the actual dates of the tree rings in each sample. Vertical axis: conventional 14 C ages BP; y error bars are 1σ errors in 14 C ages. The box represents the 1σ range for KIA-44438's 14 C age and its probable calendar age (730-690 cal BC, 85% probability, Figure 4b 
CONCLUSION
The value of the Este sequences as reference chronologies must be emphasized. Both chronologies date to periods for which there are no other floating tree-ring chronologies in this region, and 911q dates to the Hallstatt calibration plateau, where 14 C result by the probability method (Stuiver and Reimer 1993) , using a hybrid calibration curve in which decadal and bidecadal data in the IntCal98 curve (Stuiver et al. 1998 ; dark gray) are replaced by the 5-yr blocks dated by Ozaki et al. (2007; pale gray) . The solid distribution represents the probable date of each sample, given that ESTE 3 is 87 yr older than ESTE 4. This wiggle-match has good overall agreement (A comb = 90.7, A n = 50.0; Bronk Ramsey et al. 2001 
